Background: Complete resection of the thymus is considered appropriate for a thymoma resection because any remaining thymic tissue can lead to local recurrence. However, there are few studies concerning the extent of thymus resection. Therefore, we conducted a retrospective study to investigate whether recurrence following thymoma resection correlated to the extent of resection. Methods: Between 1986 and 2011, a total of 491 patients underwent resection of thymic epithelial tumors with curative intent. Of those, we excluded patients with an undetermined World Health Organization (WHO) histologic type, patients with type C thymoma, and patients who underwent incomplete resection (n = 21). The remaining 342 patients were reviewed retrospectively and compared recurrence according to the extent of resection.
Background
Complete resection of the thymus gland has been widely supported as part of thymoma resection because intrathymic metastasis or multifocal recurrence of thymoma can lead to local recurrence [1, 2] . For the same reason, the International Thymic Malignancy Interest Group (ITMIG) suggests a complete thymectomy for patients without myasthenia gravis (MG) and extended thymectomy for patients with MG [3] . Thus, surgical resection of anything less than a complete thymectomy is considered inappropriate at this time except in the context of a clinical trial [3] .
However, as detection of smaller thymomas has improved, and minimally invasive techniques are being more widely applied in thymoma resections, limited thymectomy is being considered for resections of noninvasive thymomas.
Furthermore, while many studies have shown that extended thymectomy is more effective for thymoma with MG [4, 5] , there is little evidence that mandates surgeons perform complete thymectomy for patients without MG.
At our institution, any patient with MG that is managed surgically undergoes extended thymectomy. However, surgical treatment for patients without MG does sometimes involve limited thymectomy, depending on the stage and size of the thymoma as well as the clinical judgment of the surgeon. This policy has been supported by the results of a report previously published by our institution [6] , which found that there was no difference in survival between extended thymectomy and limited thymectomy (thymomectomy).
Following the proposal by ITMIG regarding the appropriate extent of resection, we questioned whether the extent of thymoma resection correlates with a significant difference in recurrence rates. This retrospective study was conducted in order to investigate whether the rate of recurrence is significantly different following thymoma resection relative to the extent of Resection.
Methods

Patients and definitions
Between January 1986 and December 2011, a total of 491 consecutive patients underwent surgery for resection of epithelial tumors of the thymus at our institute. Exclusions were made for patients with an undetermined World Health Organization (WHO) histologic type (n = 20), due to the unavailability of specimen slides or a completely infarcted tumor, patients with type C thymoma (n = 76), patients who only underwent an open biopsy or R2 resection (n = 21; R2 resection indicated macroscopic residual tumor tissue) and patients who underwent R1 resection (n = 32; R1 resection indicated microscopic residual tumor tissue). The remaining 342 patients who underwent R0 resection (no residual tumor tissue) with curative intent were reviewed retrospectively. The reason we included only R0 resection was that ITMIG recommended freedom-from-recurrence as the best measurement of clinical outcome for patients only who have undergone an R0 resection. Of the patients, 239 patients (69.9%) underwent extended thymectomy and 103 (30.1%) underwent limited thymectomy. The thymomas were classified into histological types A, AB, B1, B2 and B3, according to the WHO classification system [7] . When a tumor exhibited mixed histologic types, the tumor was classified using the most histologically aggressive type observed. For example, when the tumor had both B2 and B3 components, the tumor was classified as type B3. Tumor stage was classified into I, IIa, IIb, III, IVa, IVb, following the Masaoka-Koga classification system [8] . Recurrence was divided into three categories (local, regional and distant recurrence) according to the definition proposed by ITMIG [9] . The Institutional Review Board of Yonsei University College of Medicine approved this retrospective study. The need for individual consent of patients whose records were evaluated was waived because individuals were not identified in the study.
Surgery
Extended thymectomy was defined as removal of the contiguous right and left mediastinal pleura, mediastinal and pericardiophrenic fatty tissues and dissection of the aorta-pulmonary window in addition to complete resection of the thymus and thymoma [3] . Limited thymectomy was defined as resection of the thymoma with the surrounding thymus and fatty tissue, leaving residual thymic tissue. The definition was the same as those used by Onuki et al. [10] . When limited thymectomy was performed, a "no-touch" technique was used to avoid disruption of the capsule. While resecting the thymoma, the tumor was extracted along with surrounding thymus and fatty tissue, taking care not to rupture the mass and spill tumor contents.
Adjuvant therapy
Our strategies for adjuvant therapy were as follows: no adjuvant therapy for stage I thymomas, radiotherapy for invasive or incompletely resected thymomas, and chemotherapy (with or without radiotherapy) for Masaoka stage IV thymomas. However, because this strategy was not standardized for the entire study period, the strategy for adjuvant therapy was patient-specific according to each surgeon's preference.
Adjuvant chemotherapy was generally performed according to the ADOC regimen (doxorubicin, cisplatin, vincristine, and cyclophosphamide) for a total of 6 cycles every 3-4 weeks. Radiotherapy was applied at the median dose of 5,040 cGy (180 cGy/fraction, range, 4500 to 6300 cGy) for 5-6 weeks.
Follow up
All patients were followed up at the outpatient clinic at 3-or 6-month intervals, depending on stage, for two years, and then yearly for the following 3 years or more, at the discretion of the surgeon. A physical examination and chest radiograph were performed upon each visit to the outpatient clinic. Computed tomography (CT) scan of the chest was obtained at 6-month intervals for the first 2 years and yearly for the following 3 years or more. Patients were also followed at neurology or oncology clinics as needed for further medical management. For nine patients who did not attend follow-up appointments, data was obtained by direct telephone contact. Follow-up for this study was complete up to August 2012.
Statistical analysis
This study was designed with statisticians in order to compare the difference of recurrence between extended thymectomy group and limited thymectomy group among our patients.
Because stage and tumor size could influence the decision of extent of resection, we matched stage and tumor size (±0.5 cm). In addition, because the presence of MG or histologic type could influence the recurrence after resection, freedom from recurrence was calculated after adjusting for the influence of MG and histologic type using Cox-regression. Namely, Cox regression analysis was performed after the extent of resection, the presence of MG and histologic type were set as covariates.
An exact 1:1 matching analysis was performed to get a well-balanced comparison using the GREEDY algorithm and a macro developed by Kosanke and Bergstralh [11] . The statistician carried out the matching process using SAS version 9.2 (SAS Institute Inc., Cary, NC, USA). Before matching, Comparative analyses to identify differences in patient and tumor characteristics were performed using the χ Freedom from recurrence was calculated using the Kaplan-Meier method, and statistical differences in recurrence were determined using the log-rank test. Recurrences of thymoma were considered as events. All deaths without recurrence were considered as censored observations. The recurrence-free period following resection was calculated from the date of resection to the date of last follow-up or diagnosis of recurrence. A P-value of less than 0.05 was considered statistically significant. All statistical analyses except matching analysis were performed using the Statistical Package for Social Science software version 18.0 for Windows (SPSS Inc. Chicago, Illinois, USA).
Results
Patients in the extended thymectomy group were significantly younger, had a higher incidence of MG, had histologically more aggressive types (B2 or B3), had a higher proportion of operations requiring median sternotomy, had smaller tumors, and a more advanced Masaoka-Koga stage compared to those in the limited thymectomy group (Table 1) .
The median follow up time was 63.0 months (range, 1 to 255 months). The median time to recurrence was 52 months (range, 6 to 234 months). Recurrence was observed in 39 (11.4%) of the 342 patients. The recurrence rate was 12.1% (29/239) in the extended thymectomy group and 9.7% (10/103) in the limited thymectomy group. Regional recurrence was the most common in both groups. The local recurrence rate including overlapped recurrence was 24% and 30% in the extended and limited thymectomy groups, respectively. Distant recurrence was discovered in six patients in the extended thymectomy group: two lung metastases, one liver, one abdominal lymph node, one lung + regional + local, and one bone + regional + local recurrence. The pattern of recurrence is shown in Figure 1 .
Regarding freedom from recurrence, there was no significant statistical difference observed between the extended and limited thymectomy groups, in terms of total recurrence (p =0.472) as well as local recurrence (p =0.798) (Figure 2) . Through exact 1:1 matching, 86 patients were selected from each group. Despite the matching protocol, the extended thymectomy group showed a higher incidence of MG and a more aggressive histologic type (Table 2 ). After matching, there was no significant difference in regards to freedom from recurrence between the two groups (p = 0.162). Furthermore, after adjusting for the influence of MG and histologic type using Cox-regression, there was also no significant difference (p = 0.125) ( Figure 3A) . Because there was not one case of local recurrence in the extended thymectomy group, it is not possible to report a statistical value for freedom from local recurrence ( Figure 3B ).
Discussion
With respect to recurrence after thymoma resection, there was no significant difference observed between recurrences of the groups in this study. However, our results do not necessarily mean that limited thymectomy is appropriate for thymoma resection. There are issues other than risk of recurrence that should be considered in order to determine the extent of resection. Nevertheless, this study might have a significance in that there have been few studies comparing recurrence according to the extent of thymus resection, apart from interpretation of our result or propriety of our policy for thymoma resection. Because thymomas are slow growing and relatively rare, most studies on this subject have been retrospective, single institution, observational studies that report results over an extended time period. primary objective [14] [15] [16] [17] [18] . The completeness of resection implies removal of the tumor along with any adjacent tissues that appear to be invaded by a thymoma [19] , but does not necessitate complete thymus resection. Thus, our institution strives to perform complete thymoma resections by that definition. Even in limited thymectomy cases, we avoid tumor spillage by resecting the thymoma along with the surrounding fatty and thymic tissues, without exposing the tumor at any point, using the socalled "no-touch" technique.
Similar to other reports, our data has confirmed that completeness of resection by the above definition is an important prognostic factor for recurrence after thymoma resection [20] . However, contrary to our expectation, the extent of resection is not significantly correlated with risk for recurrence. Similar results have been reported in a few other studies, that there is no difference in prognosis based on the extent of resection. Nakagawa et al. reported that there was no difference in survival between patients undergoing complete thymectomy (n = 71) and those undergoing thymomectomy (n = 55) [18] . Onuki et al. reported that, compared with complete thymectomy, limited thymectomy is not inferior for treatment of stage I or II thymoma in regards to disease-free and overall survival, post-operative onset of MG, and the incidence of multiple lesions [10] . Sakamaki et al. reported that limited thymectomy by a unilateral thoracoscopic approach was associated with better short-term outcomes than extended thymectomy by infrasternal mediastinal approach [11] . In that series, they also reported that no recurrence has been detected within the mean follow-up period of 48 months. On the contrary, Murakawa et al., reported the results from a 43-year period of surgical treatment for thymoma [21] , suggesting that extended thymectomy is the preferred treatment for stage I thymoma. They observed that 4 of 64 patients with stage I thymoma developed recurrence, and all patients with recurrence had been managed with thymomectomy only. Additionally, another report by that group described three cases of local recurrence out of 162 patients that underwent extended thymectomy. These three were of advanced stage (III or IVa) thymoma initially, whereas there were no local recurrences observed in patients with early stage (I or II) disease [22] . Wang et al. reported that patients who underwent complete thymectomy (n = 16) had a better survival rate than those who underwent total tumor resection (n = 18) [23] .
Because many of the results reported are conflicting and come from single-institution retrospective studies with various lengths of follow-up, it is difficult to conclude how recurrence risk is affected by the amount of thymic tissue permitted to remain during surgery.
Our study, like many previously, is a retrospective study performed at a single institution over a long period of time. Thus, our results should be interpreted cautiously, and it cannot be supported as reflecting strong evidence on this subject. Even though differences between extended thymectomy and limited thymectomy were not statistically significant, the graph after matching demonstrated an obvious difference in freedom from recurrence after more than ten years of surgery. Moreover, no case of local recurrence was observed in the extended thymectomy group after matching. Because recurrence takes a long time to develop with early-stage thymoma, this difference is worthy of attention and requires investigation over a much longer period of time. We expect that prospective studies will be conducted similar to the one currently ongoing by the Japanese Association for Research on the Thymus, a clinical trial titled "Phase II Study of Thymomectomy for Thymoma Localized in the Thymus" [24] .
Hopefully, studies such as this will help provide clearer answers to the aforementioned questions. In order to determine an appropriate extent of resection, there are several issues to be considered in addition to risk of recurrence.
First, when limited thymectomy is performed, one issue is how to guarantee a sufficient margin while achieving complete resection. Transcapsular perithymic invasion can be subtle and is often not grossly appreciable by the surgeon peri-operatively [25] . Thus, even when resection is performed to include the surrounding thymus and fatty tissue, it is unclear how much tissue in addition to thymoma should be resected to ensure complete resection. In many of these limited thymectomy cases, despite a small and seemingly well-encapsulated thymoma, there is a concern of incomplete resection should there be microscopic invasion into the surrounding tissue. Our data suggest, however, that limited resection and incomplete resection are not associated. There were eleven patients who were classified as an R1 resection because the tumor was abutting or involving the resection margin, even considering their diagnosis of early stage thymoma (IIa; n = 10, IIb; n = 1); these patients were excluded from the present study, and only R0 resections were included. Among those patients, eight underwent extended thymectomy by a median sternotomy approach, two patients had limited thymectomy by thoracotomy and one patient had a limited thymectomy by cervicotomy. From these cases, we can infer cautiously that size and location of the thymoma, as well as the operative approach used, may be associated with completeness of resection, rather than extent of thymus resection being an indicator.
Secondly, postoperative MG is also important issue related to the extent of resection. The rate of postoperative MG in patients without MG at the time of thymoma resection is between 1.0 to 4.6% [26] . In our series, eleven patients (3.2%) developed MG postoperatively, and each one had undergone limited thymectomy. From this perspective, any amount of remaining thymic tissue following surgery, or presence of ectopic thymus, can lead to MG following thymoma resection. However, further studies will be needed to confirm the hypothesis that completes resection of thymus can prevent postoperative MG.
Thirdly, multifocal development of thymoma in remnant thymic tissue is also a concern related to the extent of thymectomy. Previous studies have reported that multiple lesions of thymoma were known in 1.0 to 3.1% of all patients undergoing resection [1, 2] . There were no cases of multifocal thymoma in our patients.
In order to get find answers to these concerns, and hopefully provide a solution to the questions of the appropriate extent of resection of thymoma, well-controlled prospective studies will be necessary. We expect that, in the future, international collaborative data may be supported by ITMIG, and randomized-controlled prospective studies will provide more defined protocols for the surgical management of thymomas.
There are limitations in our study. First, we used matching analysis using stage and tumor size because these factors affect the surgical procedure. However, the presence of MG is also a key factor that might affect the surgical procedure. We therefore presume that it would be rational to perform comparative studies solely in patients without MG, as proposed by Tseng et al. [27] . At our medical insitution, however, few patients with earlystage thymoma without MG have undergone extended thymectomy. This explains the reason why we failed to evaluate the patients without MG. Thus, we could not match the presence of MG. Instead, there was a notable difference in the presence of MG between the two groups. We therefore adjusted the presence of MG, a key factor that might affect the recurrence, for the Cox analysis. Our statistical methods remain problematic, however, our results might be of significance in that there are few comparative studies about the recurrence depending on the extent of thymic resection. Second, this study was a retrospective study performed at a single institution covering a long period, thus, the results might be influenced by intrinsic bias. However, this problem would be in almost all studies about thymoma because thymoma is slowgrowing, rare tumor. Third, our surveillance might underestimate the recurrence rate because not every patient takes a regular chest CT after more than five years. However, it would not be problematic to compare between the two groups because the limitation might be consistently applied to both groups. This problem is also attributed that there has been no standard surveillance in thymoma so far. We expect that international collaborative data and randomized-controlled prospective studies could provide a standard surveillance.
Conclusion
In summary, limited thymectomy for thymoma resection does not show a higher rate of recurrence than extended thymectomy. However, properly controlled prospective studies are needed to confirm the validity and reliability of limited thymectomy for thymoma resection.
